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Abstract 
Ultrashort pulse lasers are widely used in research, industry, medicine, and 
communications, because of their characteristics of narrow pulse width, high 
repetition frequency, broad spectrum and high peak power. They are influencing and 
changing our world. Mode-locking is an effective way to generate ultrashort pulses. 
Semiconductor mode-locked lasers are excellent candidates for ultrashort pulse 
generation due to their advantages in compactness, weight, energy efficiency and cost. 
In this dissertation, we present the first demonstration of semiconductor mode-locked 
laser diodes in two wavebands – 750 nm and 760 nm. Both chips were based on an 
AlGaAs multi-quantum-well structure, with slight differences depending on the target 
spectral band. 
At the 760 nm waveband, the laser diodes were passively mode-locked and 
generated pulses at around 766 nm, with pulse durations down to approximate 4 ps. 
They are designed with different laser cavity lengths of 1.815 mm and 1.515 mm, 
leading to the pulse repetition rates of 19.4 GHz or 23.2 GHz respectively.  
Deep-red semiconductor monolithic mode-locked lasers are demonstrated, in the 
waveband of 750 nm. These lasers enable the generation of picosecond optical pulses 
at 752 nm, at pulse repetition rates of 19.37 GHz and 23.1 GHz, corresponding to 
1.815 mm and 1.515 mm cavity lengths respectively. An investigation of the 
dependence of the pulse duration as a function of reverse bias revealed a 
predominantly exponential decay trend of the pulse duration, varying from 10.5 ps 
down to 3.4 ps. A 30-MHz-tunability of the pulse repetition rate with bias conditions 
is also achieved. 
We checked the influence of the bias conditions on the mode-locking 
characteristics for these new lasers. It was also found that the front facet reflectivity 
played a quite important role in the possibility of mode-locking.  
The demonstration of these compact, efficient and versatile ultrafast lasers in this 
spectral region paves the way for its deployment in a wide range of applications such 
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as bio-imaging, pulsed terahertz generation, microwave generation and 
millimeter-wave generation, with further impact on sensing, imaging and optical 
communications. 
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1. Introduction  
1.1 Semiconductor lasers 
Semiconductor lasers are the active laser medium made of semiconductor materials. 
There is a type of important electronically pumped semiconductor laser which is 
known as semiconductor laser diode (LD). There are more than ten kinds of 
semiconductor materials that can be used as their work substance, such as indium 
phosphide (InP), gallium arsenide (GaAs), gallium nitride (GaN) and so on. At the 
beginning, early semiconductor LDs were only able to work at very low temperature 
such as 77K. After many years of developments, they can now keep long time 
working under room temperature. Their structures also developed from homojunction 
to single heterojunction, double heterojunction, quantum well (single and multiple 
quantum wells) and other forms. The fast development of semiconductor LDs was 
from 1960s. The advantages of semiconductor LDs are small volume, light weight, 
low cost, selectable wavelength, and so on, which make them widely used throughout 
optical communications, clinical applications, and military. The high power 
semiconductor lasers have made the most prominent developments and usage. 
1.1.1 Principles of laser generation  
Semiconductor laser is a coherent radiation source. In order to make it generate laser 
light, there are three basic requirements:   
(1) Population inversion and optical gain: first, establishing the population inversion 
in the laser medium (active region). In order to achieve this, the occupation 
probability of the conduction band states must be higher than the occupation 
probability of the valence band states. This can be achieved by applying forward 
current to the p(i)n junction (homojuction or heterojunction). In doing so, the 
electrons in the conduction band can undergo stimulated transitions  from the 
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conduction band state to the valence band state triggered by photons generated from 
spontaneous emission, and then to generate stimulated emission, i.e., contributing to 
optical gain. We should note that the optical gain may be less than zero. The lowest 
injection current density for letting the laser medium become transparent is called 
transparency current density. Above the transparency current density, the optical gain 
becomes positive, that is, the rate of stimulated emission is larger than the rate of 
absorption, or the net optical gain is greater than zero.    
(2) Resonant cavity: to obtain the effective stimulated coherent radiation, the 
radiation must be stimulated and amplified during the propagation in the cavity 
formed by the two mirrors. The laser resonator or cavity is composed of the natural 
cleavage planes of the semiconductor crystal or artificial grating. For the F-P cavity 
(Fabry-Perot cavity) semiconductor laser crystal can easily use two [110] planes 
(facets) and p-n junction plane perpendicular to the natural cleavage planes as 
waveguide to constitute an F-P cavity. In this case, usually a highly reflective film is 
coated on one side and anti-reflective film on another side of the LDs, so the laser 
emission can come out mostly from one side of the laser.  
(3) Threshold conditions: in order to form a stable oscillator, the laser medium 
must be able to provide enough modal gain (material gain multiplied by optical 
confinement factor) to compensate the light losses caused by the internal loss (i.e. 
waveguide propagation loss and free carrier absorption loss) and the cavity loss from 
the facets of the laser, so the intensity of the optical field in the cavity can be kept 
increasing during the propagation. The laser output from both facets of the laser can 
be defined as the cavity loss, which means there is a trade-off between output power 
and total loss. This requires strong enough current injection which means sufficient 
gain must be obtained to balance the total loss. The higher the degree of inversion, the 
greater the resulted gain, which must be met by certain requirements of the threshold 
current conditions, that is gain is equal to losses during the round trip in the cavity. 
Once the injected current on the LD is higher than the threshold current, laser with a 
specific wavelength can be generated in the cavity and emit from the laser facets. 
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Obviously, from the aspect of materials, a low threshold current can be expected from 
a LD with a low internal loss.  
1.1.2 Threshold current 
For an F-P cavity laser, assume the refractive index is n and the reflectivities of the 
two cavity facets are R1 and R2. The gain condition must cover the loss inside the 
laser at least. [1] 
𝑅1𝑅2 exp [
𝑖4𝜋𝑛𝐿
𝜆0
] exp[2(𝑔 − 𝛼𝑖)𝐿] = 1             (1.1) 
λ0 is the wavelength in vacuum, αi is the internal loss and g is the gain. 
    The corresponding threshold gain is: 
 
1 2
1 1
ln
2
th ig
L R R
                         (1.2) 
Increasing the length of the gain section and coating the cavity facet appropriately can 
bring down the cavity loss and, therefore, reduce threshold current. 
1.1.3 Characteristic temperature 
As we know, semiconductor devices are sensitive to operation temperature. The 
threshold current Ith increases and the wavelength of the generated laser shifts to 
longer wavelength as well when the temperature rises. [3, 4] This is because the 
higher temperature brings more absorption loss, less gain and narrower bandgap. [5, 
6] 
The relationship between threshold current and characteristic temperature can be 
shown as: 
  𝐼𝑡ℎ = 𝐼𝑡ℎ0exp⁡(𝑇 𝑇0)⁄                     (1.3) 
T0 is the characteristic temperature. The higher T0 is, the more stable to temperature 
the laser is. 
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1.2 Ultrafast lasers  
Ultrashort pulse lasers are attractive sources for a number of applications including 
optical fiber communication, biomedical imaging, high-speed sampling and terahertz 
(THz) generation. The development of ultrashort optical pulse sources has become a 
hot research topic in recent years, and picosecond pulse sources have been designed 
for clock distribution [7], optical fiber radio equipment [8], ultra high speed logic 
analyzer [9], high-speed clock capture [10], ultrafast signal processing and optical 
time division multiplexing transmission equipment.  
Titanium:sapphire solid-state mode-locked lasers have been widely used as 
ultrashort optical pulse sources. However, they are bulky and expensive, and 
controlling the pulse repetition frequency and the electronic synchronization pulse 
characteristics are relatively complicated. Semiconductor mode-locked lasers have 
advantages in compactness, weight, energy efficiency and cost. These make them 
excellent candidates for ultrashort pulse generation. More and more researchers 
started to put effort in semiconductor mode-locking lasers and significant 
achievements have been made. The numbers of the published papers about 
mode-locked semiconductor laser over two decades are shown in Figure 1.1. It shows 
that semiconductor mode-locked laser research field has been growing in importance. 
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Fig. 1.1 The trends of paper number of mode-locked laser recent twenty years (Data 
origin, ISI; Key words: “mode-locked” “semiconductor” “lasers”) 
 
The small size, high stability, low cost and direct electrical pumping increases 
the range of applications of semiconductor mode-locked lasers. Mode-locked 
semiconductor lasers are particularly interesting for applications in communication 
systems. These lasers can generate pulses at very high repetition rate and with 
record-low jitter which are very useful for optical time division multiplexing systems 
(OTDM), where a mode-locked laser can be used either as a pulse source or in a clock 
recovery circuit.  
Short optical pulses with high peak power generated by the semiconductor 
mode-locked lasers can also be used to obtain non-linear effects. It is of vital 
importance for a number of applications, such as multiphoton bio-imaging [11, 12]. 
1.3 The physics of mode-locked laser diodes (MLLDs) 
Pulse generation from mode-locking is achieved through the phase locking of the 
longitudinal modes of a laser diode by controlling an intracavity gain, loss or phase 
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element. Methods for producing mode-locking in a laser can be classified as active, 
passive and hybrid. Active methods typically involve using an external signal to 
induce a modulation of the intra-cavity light. Passive mode-locking techniques are 
those that do not require a signal external to the laser to produce pulses, and therefore 
are widely used in many lasers to generate short pulses. 
The basic structure of a typical passively mode-locked semiconductor laser is a 
two-section device, which includes the gain region and the saturable absorption region, 
figure 1.2. 
 
Fig. 1.2 The typical basic structure of a semiconductor laser used in passive 
mode-locking regime. 
 
The two sections are electrically isolated by an isolation groove. However, the optical 
waveguide between the two sections is continuous. During the operation, the gain 
region produces gain by applying a forward current to the gain section, and the 
saturable absorber is reverse biased, which enables the control of the absorption 
recovery time. The intensity of the travelling wave inside the laser cavity saturates the 
absorber section during propagation. The absorber saturates and recovers faster than 
the gain medium, therefore, creating a short net gain window in which cavity losses 
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can be compensated, leading to a periodic amplification of the travelling field for the 
duration of the window openings, thus obtaining a short pulse. This is due to the 
saturable absorption in a nonlinear absorption medium - the absorption changes with 
the intensity of the optical field inside the resonant cavity [13]. The optical absorption 
is quite strong when the optical field is weak. Thus, the transmittance of light is low. 
The optical absorption of the saturable absorber decreases while the intensity of the 
optical field increases gradually. When the absorber is saturated, the light can pass 
through it with relatively low loss. So the higher the optical power, the less loss. The 
nonlinear saturable absorption characteristic of the saturable absorber can be 
understood considering the dynamics of electron-hole pairs excited by light. Such 
electrons and holes are located in the conduction band and valence band respectively, 
in a quantity that increases with the light intensity. If the light intensity increases to a 
certain extent, due to the limited density of states for electrons and holes, the available 
sates that can be occupied are saturated, and no more photons can be absorbed. The 
optical absorption decreases with the increasing light intensity. So, high intensity laser, 
generated by high gain laser, can saturate the absorber. The transmittance of strong 
light field is larger than the one of weak field, only a small portion is absorbed by the 
absorber. Before the mode-locking, every time the pulse passes through the absorber, 
the proportion of the strong signal to weak signal increases. After multiple roundtrips 
inside the cavity, the front edge of the pulse becomes steeper and steeper. The peak 
part can pass the absorber smoothly and make the pulse become sharper and sharper. 
The schematic diagram of the loss and gain dynamics that lead to pulse generation is 
shown in Figure 1.3. 
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Fig. 1.3 The schematic diagram of the loss and gain dynamics that lead to pulse 
generation [14] 
 
Initially, the laser output is generated when the threshold current is reached. 
Under the selecting effect of the saturable absorber, only the high-gain center 
wavelength and sideband modes are left. After the multiple amplification by the gain 
section and absorption by the absorber section, more sideband modes are generated. 
Finally, all longitudinal modes in the gain width above the gain threshold oscillate and 
couple with each other. So it generates a series of pulses with 2nL/c period or c/2nL 
pulse repetition rate, where c is the speed of light, L is the laser length and n is the 
refractive index of the laser. Multi-longitudinal modes in the cavity are eventually 
formed in unison with a fixed phase relationship in the end. Lasers under this working 
mode are called mode-locked lasers. 
1.4 Mode-locked lasers in the 750 – 770 nm region: state of the art 
To make semiconductor mode-locking lasers better ultrashort pulse sources, 
minimizing the pulse width and maximizing the peak power are the goal of most 
researches. Different wavebands have been demonstrated in this context, ranging from 
9 
 
1.26 µm, based on a combination of InAs/GaAs picosecond quantum dot laser and 
amplifier [15], down to the near-infrared at 783 nm, which was demonstrated with a 
picosecond all-semiconductor master-oscillator power-amplifier based on a GaAs 
quantum-well (QW) structure [16]. In order to achieve pulses in 750 nm – 770 nm, 
there are also previous works that used fiber-amplified infrared gain-switched laser 
diodes with additional second-harmonic generation schemes to convert their infrared 
output into the 774 nm [17] or 766 nm [18] spectral wavebands. The possibility of 
engineering the bandgap of semiconductor materials affords significant spectral 
flexibility, with the potential to enable direct generation of ultrashort pulses in the red. 
[19,20] The very recent demonstration of red mode-locked vertical external-cavity 
surface emitting lasers (VECSELs) has shown it is possible to generate visible 
ultrashort pulses directly from optically pumped semiconductor lasers, with pulse 
durations of about 5 ps [19] or 250 fs, [20] for pulse repetition rates of 973MHz or 
836 MHz, respectively. Up until now, only one class of semiconductor monolithic 
mode-locked lasers has been demonstrated across the visible spectral region - 
picosecond InGaN edge-emitting two-section lasers, emitting in the blue-violet range. 
[21] 
In this dissertation, passively mode-locked AlGaAs multi-quantum-well (MQW) 
edge emitting laser diodes with central wavelength of 766 nm and 752 nm are 
reported. Importantly, the latter also represents the shortest wavelength ever to be 
generated directly by an ultrafast edge emitting laser in the red to near-infrared 
spectral waveband. 
1.5 Research trends of semiconductor mode-locking laser 
While the research on laser goes deeper, people start to attach importance to not only 
more diverse wavelengths but also better performance in time domain. So far, the 
research trends include the several aspects below. 
(1) High repetition frequency. High repetition frequency is of vital importance for 
some applications, such as multi-photon bio-imaging. High repetition frequency pulse 
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source can improve the signal to noise ratio and sample rate of the signal effectively. 
Pulses with high repetition frequency can be used in large-capacity 
telecommunication systems [22], optical switching device [23], optical clock and high 
speed electro-optic sampling and other fields as an information carrier. 
(2) High power. In many applications, high power of single pulse or high average 
power is in high demand. In this case, single or multiple amplification stages are 
typically used to get enough power from semiconductor lasers. This makes the whole 
system more complicated. So high power laser from semiconductor laser sources can 
be directly used in bio-imaging, processing field and so forth or at least decrease the 
amount of amplifiers needed. 
(3) Shorter pulse width. Because of the limit of gain medium bandwidth of 
semiconductor lasers, the pulse widths of semiconductor lasers are typically wider 
than that of solid-state mode-locked lasers. It is possible to narrow the pulse width of 
semiconductor laser with broader gain media. This is of vital importance for the 
development and application of semiconductor mode-locking lasers. 
(4) Research on mode-locking devices and materials. The development of material 
science also improves the development of semiconductor mode-locking laser device. 
In the recent years, new materials, such as graphene, are used to realize mode-locking 
in lasers. 
(5) Research on mode-locking mechanism. It is a complicated process to generate 
pulses from mode-locked laser. Much research has been put on the mechanism. Many 
new phenomena were found out, which also improve the performance of the lasers. 
1.6 Thesis outline 
In this thesis, the results achieved with 750-770 nm mode-locked laser diodes are 
presented, focusing more on their characterization. In chapter 2, the experimental 
methods including the test setup and the devices, including the autocorrelator, which 
is key for characterization of the pulses are described. In chapters 3 and 4, the test 
results of the 760 nm and 750 nm laser diodes respectively including the P-I curves, 
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optical spectra, repetition frequency spectra, autocorrelation traces of the pulses and 
analysis of the results are presented. The work is summarized in chapter 5. 
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2. Experimental methods 
2.1 Experimental setup 
The schematic diagram of the experimental arrangement is shown in Fig. 2.1.  
 
 
 
Fig. 2.1 Experimental setup used for the characterization of the mode-locking 
laser diodes (MLLD), comprising a gain and saturable absorber (SA). Legend - OI: 
optical isolator; MF: mirror flipper; HWP: half wave plate; SMF: single-mode fiber; FS: 
fiber splitter; OSA: optical spectrum analyzer; PD: photo detector; RFSA: RF spectrum 
analyzer; OPM: fiber optical power meter; Autoco: autocorrelator. 
 
In the experimental work, the temperature of the laser diode has been fixed at 
10 °C, with a thermoelectric temperature controller. The Newport Model 6100 was 
used as our current driver and temperature controller. We use Agilent E3647 as our 
power supply to provide reverse bias. After collimation, an optical isolator is used to 
prevent reflections back into the laser. The output of the MLLD was coupled into a 
single mode fiber splitter. Then the laser was guided to an optical power meter, an RF 
spectrum analyzer and an optical spectrum analyser (OSA) for the characterization 
and monitoring. We use an Agilent RF analyser and an Anritsu MS9710C as our OSA. 
An APE Pulse Check autocorrelator based on second harmonic generation was used to 
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measure the pulse duration. A preliminary laser beam profiling and wavefront study 
suggests that the MLLD is operating under a single fundamental mode regime. The 
output average power of MLLD had been measured by Thorlabs PM100D and an 
integrating sphere power meter, placed between the collimating lens and an optical 
isolator. Fig. 2.2 is the photo of the main experimental setup which shows the chip 
and the optical paths. Fig. 2.3 is a close-up of the chip. 
 
 
Fig. 2.2 Photo of the experimental arrangement 
 
The red line illustrates the beam path of the laser. The mirror in the blue circle 
marked with ① is the mirror flipper which can guide the beam to the autocorrelator, 
when it is lifted up. 
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Fig. 2.3 Close-up of the chip 
 
    Fig. 2.3. shows how the chip is mounted. We can see the two cables connected to 
the gain section and the absorption section respectively. The thermistor is in the hole 
which is right under the chip. The divergence angle is large so the collimation lens is 
quite close to the emitting facet of the chip. 
2.2 Radio frequency spectrum analyzer 
We use an Agilent RF analyser in our experiment to help to identify if the laser is 
mode-locked and check the repetition frequency of the pulses, as this instrument 
transforms a time-domain signal into a frequency spectrum. The RF analyser is based 
on a narrow band receiver for measuring high frequency signals. Before being 
characterized by the analyser, the laser was coupled into a fiber connected to a 
high-speed photo detector, in which the optical signal is transformed into an electrical 
signal that can be detected by the analyser. In the RF analyser, the frequency of the 
receiver keeps sweeping repetitively over the desired range of frequencies. An 
attenuator is placed right after the input, so that signal’s intensity is decreased. Then 
the signal’s high frequency part is blocked after passing through a low-pass filter. 
After that, a mixer mixes the signal with another signal from a local oscillator. Two 
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original signals and their harmonics and the sums and differences of the original 
frequencies and their harmonics come out from the non-linear mixer. Only the signals 
that are in the pass band of the intermediate frequency filter are then sent to an 
amplifier. The resolution bandwidth is determined by the bandwidth of the filter. A 
narrower bandwidth enables higher resolution but decreases the sweep rate which also 
means increasing the sweep time. 
    As mentioned before, when the laser is mode-locked, a train of pulses is 
generated with a certain pulse repetition rate. In this case, we shall see a single stable 
sharp peak on the screen of the RF analyser, corresponding to this frequency. It can 
also help us judge the performance of the mode-locking in the laser and to see if it is 
stable. 
2.3 Autocorrelator  
An autocorrelation method is used to measure the pulse duration of the pulses 
generated by these lasers, as their typical duration (a few picoseconds) is too short to 
be observed directly by a standard photodetector and oscilloscope. The optical layout 
of an autocorrelator is based on a Michelson interferometer, which introduces a 
relative delay between a pulse and its replica. The two beams are then focused into a 
nonlinear crystal, generating a second-harmonic signal which is then detected as the 
delay is varied, resulting in a second-order autocorrelation, which can provide an 
indication of the pulse duration.  
There are two main autocorrelation methods: collinear and non-collinear. For the 
collinear method, shown in Fig. 2.4, the beam is divided into two after passing the 
beam splitter. After that, the two beams are reflected by two mirrors respectively and 
hit the crystal coaxially. The optical structure of autocorrelator is mainly formed by 
the beam splitter, mirrors (with translation stage), crystal, filters and photomultiplier 
tube and so on. The beam splitter, crystal, filters and photomultiplier tube are chosen 
mainly based on the matching of the laser wavelength and the second harmonic 
wavelength.   
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Fig. 2.4 Collinear autocorrelation schematic. 
 
By adjusting the position of the retroreflector (which consists of two mirrors 
right-angled to each other), the two beams can then have different optical paths. If we 
change the position of the retroreflector continuously, it will form a pulse sequence 
that scans the other, which forms a trace of the autocorrelation function. When the two 
beams hit the crystal with a matching orientation at the same time, the second 
harmonic will be generated. The harmonic optical signal is only related to the product 
of the two input beams. The generated second harmonic is received and recorded by 
the photomultiplier tube (PMT). 
In this work, the non-collinear measurement method is used. As shown in Fig. 
2.5, in this method, the two beams are not coaxial. They are focused on the crystal 
after passing a lens. The second harmonic is acquired by adjusting the orientation and 
length of the light paths, received and recorded by the PMT like in the collinear 
method too. This method results in a background-free autocorrelation. 
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Fig. 2.5 Layout of a non-collinear autocorrelator. 
 
It is easy to show that an autocorrelator converts a length measurement into a  
time measurement. These instruments measure the autocorrelation of the pulse rather 
than the pulse itself. The full width at half maximum (FWHM) of the autocorrelation 
is directly related to the pulse width.  
In the experimental work, the APE Pulse Check autocorrelator is used to 
characterize the pulses. As shown in Fig. 2.6, after entering the optical assembly at the 
input aperture, the laser pulse is divided into two parts at the beam splitter. Each part 
traverses an interferometer arm containing a retroreflector. One of the retroreflectors 
is mounted on a special linear translation stage that can change the length of one 
interferometer arm in a continuous fashion. After traversing the beam splitter, the two 
beams are then focused by a lens and overlapped in a nonlinear optical crystal. The 
second harmonic radiation generated in the nonlinear crystal is then detected by a 
filtered photomultiplier tube.  
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Fig. 2.6 The schematic principal optical layout [1] 
 
The vibration of the retroreflector causes the length of the light path to 
continuously change which means the transmitted pulse train is delayed (or advanced) 
compared to the reference (zero delay) position. The photomultiplier output is 
connected to the APE Pulse Check display unit, which shows the resulting 
autocorrelation. The rapid and repetitive scanning enables real-time measurements of 
the autocorrelation function of the pulses.  
It is important to note that the autocorrelation trace is not the pulse itself. So a factor 
is needed to be multiplied to get the width of the pulse from the width of the 
autocorrelation. There are several kinds of fits that are usually used to fit the trace of 
the autocorrelation function, assuming pulse shapes such as Gaussian, hyperbolic 
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secant squared (sech2) and Lorentzian. Each kind of fit has its own factor that 
represents the relationship between the FWHM of the function and the real pulse 
width. 
2.4 References 
 [1] APE. PulseCheck manual. MagicSM#115279 
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3. 760-nm Mode-Locked Laser Diodes 
3.1 Device structure and fabrication 
There are two types of multi-quantum-well (MQW) structures for our 760-nm 
mode-locked laser diodes, shown by Fig. 3.1 and Fig. 3.2, below,. The structure 
CCS-1124 has 5 quantum wells while CCS-1196 has 3 quantum wells instead. 
 
400nm Si-GaAs Buffer
1200nm Si-Al0.6Ga0.4As n-cladding layer
34nm Undop-Al0.3-0.6Ga0.7-0.4As confining layer
66nm  C-Al0.6-0.4Ga0.4-0.6As p-spacer layer
1200nm C-Al0.6Ga0.4As p-cladding layer
300nm  C-GaAs
34nm Undop-Al0.3-0.6Ga0.7-0.4As confining layer
66nm  C-Al0.6-0.4Ga0.4-0.6As p-spacer layer
5nm Al0.115Ga0.885As/10nm Al0.3Ga0.7As
 5 MQWs
 
Fig. 3.1 Material structure of CCS-1124 
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400nm Si-GaAs Buffer
120nm Undop-Al0.6-0.3Ga0.4-0.7As confining layer
1200nm Si-Al0.6Ga0.4As n-cladding layer
120nm Undop-Al0.3-0.6Ga0.7-0.4As confining layer
200nm  C-Al0.6-0.4Ga0.4-0.6As p-spacer layer
1100nm C-Al0.6Ga0.4As p-cladding layer
300nm  C-GaAs
5nm Al0.115Ga0.885As/10nm Al0.3Ga0.7As
 3 MQWs
 
Fig. 3.2 Material structure of CCS-1196 
 
For example, the CCS-1196 material structure, based on AlGaAs multi-quantum-well 
graded-index separate–confinement-heterostructure, was grown on a heavily n-doped 
GaAs substrate via Metal Organic Chemical Vapor Deposition (MOCVD) using only 
one step growth. First, the 1.2-μm-thick Si-doped Al0.6Ga0.4As n-cladding layer was 
grown, followed by the 0.12-μm-thick undoped linearly compositional-graded 
Al0.6-0.3Ga0.4-0.7As confining layer. The active region was subsequently grown, 
consisting of three 5-nm-thick Al0.115Ga0.885As quantum wells separated by two 
10-nm-thick Al0.25Ga0.75As barrier layers. A 0.12-μm-thick undoped Al0.3-0.6Ga0.7-0.4As 
confining layer was grown atop the active region, followed by a 0.2-μm-thick 
C-doped linearly compositional-graded Al0.6-0.4Ga0.4-0.6As p-spacer layer. Finally, a 
1.1-μm-thick C-doped Al0.6Ga0.4As p-cladding layer and 0.3-μm-thick GaAs 
p+-contact layer were grown. To address the challenge inherent to the high 
concentration of aluminium, the growth temperature was kept at relatively high values, 
with the aim of minimizing the creation of deep-level defects which act as centers of 
non-radiative recombination. [1] Accordingly, the growth temperature for the GaAs 
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buffer layer was 754 ºC and 830 ºC for the Al0.6Ga0.4As cladding layer, while the other 
layers were grown at 750 ºC. The confinement factor was calculated to be 0.058. 
For both structures, a ridge waveguide material having a width of 3.7 µm to a 
depth of 1µm was fabricated by means of conventional lithography and inductively 
coupled plasma (ICP), and was defined by dry etching. A silicon dioxide insulating 
layer by plasma-enhanced chemical vapor deposition (PECVD) was added. Ti / Au 
p-metal contacts and Au / Ge / Ni n-contacts were deposited after that. An illustrative 
diagram of the mode-locked monolithic laser is shown in Fig. 3.3. Two-section lasers 
with two different cavity lengths were produced: one with a total length of 1815 µm, 
comprising a 1728 µm long gain section and a 72 µm long saturable absorber. The 
other type of chips has a total length of 1515 µm, consisting of a 1440 µm long gain 
section and a 60 µm long saturable absorber. Both lasers have a similar 
absorber-to-total-length ratio of around 4%. Electrical isolation between the gain and 
the absorber electrodes is reached by a 15-µm-wide and 350-nm-deep gap in the 
contact layer by wet etching. The front and rear facets were coated, exhibiting 
reflectivities of 13.6% and 93.9%, respectively. The chips were mounted epilayer-up 
on copper heat sinks. The wafer growth, laser processing and mounting were carried 
out at the Institute of Semiconductors (Chinese Academy of Sciences) and at Beijing 
University of Technology.  
 
Fig. 3.3 Schematic of the monolithic GaAs-AlGaAs mode-locked laser (not to scale). 
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3.2 Experimental results 
The Table 3.1 lists all the 760-nm MLLD chips that were fabricated. We have 
eight groups of chips in total, two types of reflectivity, two different material 
structures and two cavity lengths. The chips identified in red have been tested at 
Dundee.  
 
Table 3.1 List of all the 760-nm MLLD chips 
 AR 6.6% AR 15% 
CCS-1124 
1.8mm 
2-1 2-2  2-1 2-2 2-3 
CCS-1196 
1.8mm 
3-1 3-2 3-3 3-1 3-2 3-3 
CCS-1124 
1.5mm 
5-1 5-2 5-3 5-1 5-2 5-3 
CCS-1196 
1.5mm 
6-1 6-2 6-3 6-1 6-2 6-3 
     
The following power and voltage characteristics as a function of current (P-I-V 
curves) were measured by Mr. Huolei Wang, a PhD student in the Institute of 
Semiconductors, Chinese Academy of Sciences. The P-I-V curves of the 6.6% and 15% 
AR CCS-1196 1.8 mm long chips were acquired under pulsed input current and 
continuous current. Both the gain and the absorber section were forward biased. The 
pulsed current was delivered in pulses of 10 µs and a duty cycle of 1%.  Unlike 
continuous current, this pulsed current mode leads to minimal thermal effects due to 
Joule heating associated with the forward bias. 
The results are shown in Fig. 3.4 to Fig. 3.7. 
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Fig. 3.4 P-I-V curve of CCS-1196 (AR 6.6%) under pulsed current 
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Fig. 3.5 P-I-V curve of CCS-1196 (AR 6.6%) under continuous current 
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Fig. 3.6 P-I-V curve of CCS-1196 (AR 15%) under pulsed current 
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Fig. 3.7 P-I-V curve of CCS-1196 (AR 15%) under continuous current 
 
A comparison between P-I-V curves in pulsed and continuous current modes 
show that the thermal effects of continuous biasing lead to an increase in threshold 
current and thermal rollover, which is stronger for the case of the CCS-1196 (6%). 
This can be explained by increase in the active region temperature due to continuous 
biasing, which leads to increase in threshold current as explained in section 1.1.3. 
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From these curves, we can find that, under both pulsed and continuous currents, 
the chips with 6.6% reflectivity have higher output power than the chips with 15% 
reflectivity and the threshold current of the lasers with higher reflectivity is lower than 
the one with lower reflectivity. This is expected, as can be observed in the threshold 
current and gain expressions in section 1.1.2.   
However, it was found that the chips with 6.6% reflectivity were not 
mode-locked under any conditions of current and reverse bias. It seems that such 
reflectivity could be too low for mode-locking. With higher front facet reflectivity, the 
intracavity pulse energy can be higher and saturate the absorber more easily, leading 
to stable mode-locking. This has been previously shown theoretically [2]. Therefore 
we abandoned the test on other 6.6% AR chips.  
The P-I-V curves of the 6.6% AR CCS-1124 1.8 mm long chips under pulsed 
input current were tested as well. The results of two chips with exactly the same 
structure are shown in Fig. 3.8 (a) and (b) respectively. 
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(a) 
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(b) 
Fig. 3.8 P-I-V curves under pulsed current of two CCS-1124 (AR 6.6%) devices 
 
Unfortunately, as we tested, the chips with CCS-1124 structure did not display 
mode-locking. So we did not have more mode-locking results of the AR 6.6% chips 
beside the P-I-V curves above. 
3.2.1 1815 μm long MLLD emitting at 766 nm 
As shown in Fig. 3.9, the light-current characteristics of the 1815 µm 766 nm chip 
were evaluated for different values of reverse bias which was applied to the 
absorption section of the laser. When the reverse bias increased from -2 V to -3 V, the 
obvious light power drop can be seen because of the effect of optical absorption. 
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Fig. 3.9 Light-current characteristics of the 1815μm long laser for different 
reverse-bias conditions at 766 nm. 
 
As we tested, we found the laser can have a stable mode-locking mode when the 
forward bias currents are higher than 250 mA and the reverse bias is between -2.3 V 
and -3 V. The value of the reverse bias that makes the laser mode-locked depends on 
the applied forward bias current. Typical features of the pulsed output are observed 
under a stable mode-locking regime, shown in Fig. 3.9. The pulse width of the peak is 
about 5.7 ps with sech2 fit (Fig. 3.10 (a)). The optical spectrum is centered at 766 nm 
(Fig. 3.10 (b)). The time-bandwidth product is 2.04 and the corresponding RF 
spectrum exhibit a 30 dB dynamic contrast (Fig. 3.10 (c)), which indicates a stable 
mode-locking regime. Under these bias conditions, the average power was 9 mW after 
collimation, which corresponds to a peak power of 81 mW. As we checked, in the 
setup at that time, only ~ 80% of the total output of the MLLD was received by the 
integrating sphere power meter after collimation compared to that directly emitted 
from the MLLD measured. Taking into account a 20% loss of optical collimation, the 
peak power of emitted from the MLLD should be about 100 mW in total. 
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Fig. 3.10 (a) Autocorrelation trace, (b) optical spectrum and (c) RF spectrum at 
reverse bias of 2.5 V and forward current of 280 mA. 
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For a fixed forward bias current of 265 mA, the change of the pulse duration under an 
increasing reverse bias is shown in Fig. 3.12. The shortest pulse duration of 4.8 ps 
was achieved under a reverse voltage of 2.6 V and forward current of 265 mA for this 
device. 
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Fig. 3.11 Variation of pulse duration with reverse bias, for a fixed forward current 
of 265 mA applied to the gain section of the 1815 μm long laser. 
 
The relationship between the current and the gain was also investigated with a 
fixed reverse bias, as represented in from Fig. 3.13 to Fig. 3.15. With increasing 
current, the optical spectrum widens. This also leads to shorter pulses until the edge of 
the stable ML region. From the RF spectra in Fig. 3.14, we can see the RF peaks of 
stable mode-locking is sharp, narrow and of high intensity, while the peaks of 
unstable mode-locking is wide, short or have some side peaks. The optical spectra 
also red-shift as the current is increased, becoming increasingly more asymmetric and 
developing additional peaks on the red side of the spectra, due to an increase of 
self-phase modulation with increasing gain [3]. Eventually, at 275 mA the 
mode-locking regime stability collapses as shown by the autocorrelation, which 
exhibits a coherence spike on a strong background level which is a signature for 
continuous noise [4]. 
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Fig. 3.12 Pulse trace of the 1815 μm long MLLD emitting at 766 nm under a 
reverse bias of -2.6 V, 10 ºC and various current levels 
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Fig. 3.13 RF spectrum of the 1815 μm long MLLD emitting at 766 nm under a 
reverse bias of -2.6V, 10 ºC and various current levels 
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Fig. 3.14 Optical spectrum of the 1815 μm long MLLD emitting at 766 nm under a 
reverse bias of -2.6V, 10 ºC and various current levels 
 
We also checked the effect of the reverse bias applied to the saturable absorber 
with a fixed forward bias current applied to the gain section, as represented in from 
Fig. 3.16 to Fig. 3.18. With increasing reverse bias, the optical spectrum widens. It is 
quite obvious that the pulses become narrower when the reverse bias increases. As the 
RF spectra show in Fig. 3.17, we can also see the peak in the RF spectra of stable 
mode-locking are sharp, while the peaks of unstable mode-locking are wide, shorter 
and they have more side peaks. The optical spectra also red-shift as the reverse bias is 
increased. 
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Fig. 3.15 Pulse trace of the 1815 μm long MLLD emitting at 766 nm under 265mA 
10 º6 and various reverse bias 
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Fig. 3.16 RF spectrum of the 1815 μm long MLLD emitting at 766 nm under 265 
mA 10 ºC and various reverse bias 
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Fig. 3.17 Optical spectrum of the 1815 μm long MLLD emitting at 766 nm under 
265mA 10ºC and various reverse bias 
 
3.2.2 1515 μm long MLLD emitting at 766 nm 
Our 1515 µm long MLLD with exactly the same structure and 15% front facet 
reflectivity was also mode-locked successfully. Fig. 3.19 (a) shows the light-current 
characteristics of this chip under 10ºC, for various values of reverse bias applied to 
the saturable absorber section. We detected stable mode-locking when the current 
ranged from 210 mA to 235 mA, with the reverse bias varying from -2.76 V to -3.04 V. 
The optical spectra were centered at around 766 nm and the repetition rate was about 
23.21 GHz, when the laser is mode-locking stably. The pulse duration is 
approximately 4 ps. The characteristics of a typical mode-locking regime from the 
identified stable ML region are shown in Fig. 3.19 (b) to Fig. 3.19 (d). The RF peak is 
at least 30 dB above the noise floor. We assume sech2 as the pulse shape. The pulse 
duration was estimated to be 4.17 ps, with the optical spectrum centered at 766.31 nm 
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and with a bandwidth of 0.65 nm. A time-bandwidth product of 1.39 was achieved. In 
this case, the average power of 8.3 mW corresponded to a peak power of 75 mW.  
 
 
Fig. 3.18 (a) Light-current characteristics of the 1515 um long laser for different 
reverse bias conditions. (b) Autocorrelation, (c) Optical spectrum and (d) RF spectrum 
at reverse bias of -3.0 V and forward current of 230 mA. 
 
In a similar fashion to the longer MLLD, the 1515 µm chip tended to generate 
pulses of a shorter duration with higher reverse bias and lower forward current. 
However, it was observed that the region of stable mode-locking for the shorter cavity 
length was quite narrow. It often ranges only a few tens of millivolts of reverse bias 
under a fixed forward current. This narrower reverse bias region could be due to the 
stronger constraints imposed on the absorption/gain processes by the higher pulse 
repetition rate. On one hand, to satisfy the background stability criterion, the reverse 
bias should be high enough in order to speed up the absorption recovery time, which 
should be shorter than both the gain recovery time and the pulse cavity round trip time, 
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which is about 43 ps. On the other hand, the increase in reverse bias leads to a shift in 
absorption, induced by quantum confined Stark effect (QCSE), and the increase in 
absorption saturation energy. So, this imposes an upper limit to the reverse bias which 
enables a stable ML regime. 
3.3 Brief summary of the results 
We have demonstrated the first mode-locked semiconductor laser diode emitting in 
the spectral wavelength range of 760 nm. Emission wavelength at 766 nm and stable 
19.4 GHz pulse train with pulse duration of about 5 picoseconds were obtained when 
the cavity length was 1.8 mm. Pulse train with emission wavelength at 766 nm, a 
stable 23 GHz repetition rate and pulse duration of 4.17 picoseconds were obtained 
when the cavity length was 1.5 mm.  
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4. 750-nm Mode-Locked Laser Diodes 
4.1 Device structure and fabrication 
In order to access the 750-nm spectral band, the composition of the quantum wells 
was changed to Al0.12Ga0.88As, while the barriers were kept at Al0.3Ga0.7As, in order to 
achieve a shorter wavelength. The material structure for the wafer reference 
CCS-1093 is shown by Fig. 4.1, below.  
 
400nm Si-GaAs Buffer
120nm Undop-Al0.6-0.3Ga0.4-0.7As confining layer
1200nm Si-Al0.6Ga0.4As n-cladding layer
120nm Undop-Al0.3-0.6Ga0.7-0.4As confining layer
100nm  C-Al0.6-0.4Ga0.4-0.6As p-spacer layer
1000nm C-Al0.6Ga0.4As p-cladding layer
300nm  C-GaAs
5nm Al0.12Ga0.88As/10nm Al0.3Ga0.7As
 3 MQWs
 
Fig. 4.1 Material structure of CCS-1093 
 
4.2 Experimental results 
Four groups of 750-nm MLLD chips were fabricated in total, with two different 
reflectivities and two different cavity lengths, as shown in Table 4.1. The chips 
identified in red have been tested by us. The tests showed that, similarly to the 
760-nm MLLDs, the chips with 6.6% reflectivity did not display mode-locked 
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operation. 
 
Table 4.1 List of all the 750-nm MLLD chips 
 AR 6.6% AR 15% 
CCS-1093 
1.8mm 
1-1 1-2 1-3 1-1 1-2 1-3 
CCS-1093 
1.5mm 
4-1 4-2 4-3 4-1 4-2 4-3 
 
4.2.1 1815 μm long MLLD emitting at 752 nm 
Slightly shorter pulse lengths were generated from the 752-nm MLLD on the 
material structure as compared with the similar device structure (1.8 mm cavity length) 
fabricated from the 766 nm-material structure. However, the output average power 
and peak power from the MLLD based on the 752-nm material structure was 
somewhat lower, which can possibly be attributed to lower material gain and higher 
internal loss in 752-nm material structure. 
The light-current characteristics of this laser are shown in Fig. 4.2 (a). At 10 ºC, 
a stable mode-locking regime for different currents from 250 mA to 300 mA is 
reached and under values of reverse bias between 2.7 V and 3.05 V (depending on the 
forward current), in agreement with the observed strong absorption in Fig. 4.2 (a). 
Typical features of the pulsed output in the stable mode-locking region are observed, 
shown in Fig. 4.2 (b) - (d). The pulse duration of 3.5 ps was achieved under a reverse 
bias of 2.83 V and forward current of 260 mA, as shown in Fig. 4.2 (b), while the 
optical spectrum is centered at 752 nm (Fig. 4.2 (c)), with an optical bandwidth of 
0.62 nm, this results in a time-bandwidth product of 1.30. The pulse repetition 
frequency was 19.4 GHz, as shown in the frequency range in Fig. 4.2 (d). For this bias 
condition, the average power after collimation was 4.7 mW, corresponding to a peak 
power of 68.5 mW. Taking into account of the 20% loss from the optical collimation, 
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the achievable peak power of the chip should be a little more than 85 mW. The 
shortest pulse duration for this device was measured at 3.3 ps, which was obtained 
under a reverse bias of 3.04 V and forward current of 250 mA. However, the average 
power was only 3.37 mW resulting in a peak power of 52.6 mW and the 
mode-locking was not fully stable. 
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Fig. 4.2 (a) Light-current characteristics of the 1815μm long for different 
reverse-bias conditions at 752 nm. (b) Autocorrelation trace at reverse bias of 2.83 V 
and forward current of 260 mA. (c) Corresponding optical spectrum. (d) Corresponding 
RF spectrum. 
 
We checked the effect of the reverse bias applied to the saturable absorber of this 
chip. Fig. 4.3 shows the pulse durations while a fixed gain current of 280 mA and 
various reverse bias values were applied to the saturable absorber. 
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Fig. 4.3 Variation in pulse duration with reverse bias applied to the saturable 
absorber, for a fixed gain current of 280 mA. 
 
It is observed that the pulse duration decreased with an increasing reverse bias, 
with an exponential trend. This behavior can be explained by the fact that the 
absorption recovery time also decreases exponentially with reverse bias [1] and the 
pulse duration has a linear relationship with the absorption recovery time [2, 3]. 
Beyond -2.8V, the pulse duration does not reduce more, even though the absorption 
recovery may continue to decrease. This was predicted theoretically before [4, 5] and 
could be related with weaker absorption saturation in these conditions. 
In addition, we checked the pulse repetition rate under various reverse bias and a 
fixed forward current, various currents and a fixed reverse bias respectively, shown, in 
Fig. 4.4. 
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Fig. 4.4 Tunability of the pulse repetition rate with change of reverse bias (under 
fixed gain current of 268 mA) and input current (under fixed reverse bias of 2.80 V). 
     
When the forward current is fixed at 268 mA, the repetition rate increased with 
reverse bias that applied to the saturable absorber, and it decreased with increasing 
current applied to the gain section. These effects can be explained by the interplay 
between gain and absorption saturation effects and the pulse energy, which lead to a 
temporal shift of the pulse envelope [6]. This feature can be used to tune the pulse 
repetition rate from the chips. The tuning range is 15 MHz while the current is fixed 
and 31 MHz while the reverse bias is fixed. The repetition rate of the semiconductor 
laser is determined mainly by the length of the cavity. The cavity length cannot be that 
accurate after cleaving. So this allows us to tune the repetition rate to the frequency 
that is necessary for the application (this can be particularly important for optical 
communications). 
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4.2.2 1515 μm long MLLD emitting at 752 nm 
The chip of the same structure but with 1515 µm long cavity length was also 
mode-locked successfully. Fig. 4.5 shows the light-current characteristics of this chip 
under 10ºC, for various values of reverse bias applied to the saturable absorber section. 
Obvious optical absorption in the performance was observed when the reverse bias is 
over 2 V.  
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Fig. 4.5 P-I curves of the 1515 μm long MLLD emitting at 752 nm under 10 ºl 
and various reverse bias 
 
The optical spectra of this chip are centered at around 752 nm too, with a 
repetition rate of about 23.11 GHz, when the laser is mode-locking stably. The pulse 
duration is approximately 3.4 to 3.6 ps. The characteristics of two typical 
mode-locking regimes from the identified stable ML region are shown in Fig. 4.6 and 
Fig 4.7. In Fig 4.6, 215 mA forward current and 3 V reverse bias were applied to the 
chip. The average power was 9.93 mW. The RF peak was at 23.11 GHz which was at 
least 30 dB above the noise floor. We assume sech2 as the pulse shape. The pulse 
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duration was estimated to be 3.6 ps, with the optical spectrum centered at 751.64 nm. 
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(c) 
Fig. 4.6 (a) Autocorrelation trace at 10ºC, reverse bias of 3 V and forward current 
of 215 mA. (b) Corresponding RF spectrum. (c) Corresponding optical spectrum. 
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In Fig 4.7, 215 mA forward current and 3.8 V reverse bias were applied to the 
chip. The average power was 10.25 mW, leading to a peak power of 130.5 mW The 
RF peak was at 23.10 GHz which was approximately 35 dB above the noise floor. We 
assume sech2 as the pulse shape. The pulse duration was estimated to be 3.4 ps, with 
the optical spectrum centered at 751.44 nm. The optical spectral bandwidth is 0.33 
nm. 
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Fig. 4.7 (a) Autocorrelation trace at 10 ºC, reverse bias of 2.8 V and forward 
current of 215 mA. (b) Corresponding RF spectrum. (c) Corresponding optical 
spectrum. 
 
Further results are also presented in Appendix.  
4.3 Brief summary of the results 
We have demonstrated the first mode-locking semiconductor laser diode emitting in 
the spectral wavelength range of 750 nm. Emission wavelength at 752 nm and stable 
19.4 GHz pulse train with a pulse duration of down to 3.5 picoseconds were obtained 
when the cavity length was 1.8 mm. Emission wavelength at 752 nm and a stable 23 
GHz pulse train with a pulse duration of 3.4 picoseconds were obtained when the 
cavity length was 1.5 mm.  
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5. Summary and outlook 
5.1 Summary 
In this work, four types of semiconductor mode-locking laser diodes have been 
investigated. The main characteristics of these four types of lasers are shown in table 
5.1. 
 
Table 5.1 Summary of the mode-locking performance 
Chips 
wavelength/ 
length 
Pulse 
duration 
(ps) 
Center 
wavelength 
(nm) 
Spectral 
bandwidth 
(nm) 
Average 
power 
(mW) 
Peak 
power 
(mW) 
766-nm 
1815μm 
5.7 766 0.7 11.3 90 
766-nm 
1515μm 
4.17 766.31 0.65 8.3 75 
752-nm 
1815μm 
3.5 752 0.62 5.9 85 
752-nm 
1515μm 
3.4 751.44 0.33 10.25 130.5 
 
With the 766-nm chips, we have demonstrated the first mode-locked 
semiconductor lasers operating at the spectral waveband of 760 nm. Two different 
cavity lengths of 1815 μm and 1515 μm were tested and both enabled the generation 
of ultrashort pulses with a central wavelength at 766 nm, with pulse durations down to 
approximately 4 ps.  
With the 752-nm chips, we have demonstrated the first deep-red semiconductor 
monolithic mode-locked lasers. Also two different cavity lengths of 1815μm and 
1515 μm were tested and both enabled the generation of ultrashort pulses with a 
central wavelength at 752 nm, with pulse durations down to approximately 3.4 ps. 
Even more, this represents also the shortest wavelength generated directly by an 
ultrafast edge-emitting laser in the red to near-infrared spectral region.  
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The mode-locking characteristics were investigated as a function of the bias, 
which can be explained by the interplay of dynamic gain and loss processes. The role 
of the front facet reflectivity was also found to be instrumental in ensuring a stable 
mode-locking regime without self-pulsations. This spectral waveband is of relevance 
for pulsed THz generation, optical communications and multi-photon imaging of skin 
and muscular tissue. And as such, this demonstration paves the way for the future 
development of an all-semiconductor master-oscillator power amplifier, which would 
allow the use of such a compact laser system in a clinical setting. 
5.2 Future investigations 
Although we have demonstrated several types of semiconductor mode-locking lasers, 
their performance still has space to be improved, especially compared to solid-state 
mode-locking lasers. One possibility for future work would be to investigate the 
performance of similar laser diodes with different reflectivities in the front facet, as it 
was noted that this was important to achieve mode-locking. On one hand, higher 
reflectivity leads to lower output power, but on the other hand the higher intracavity 
power could potentially lead to stronger saturation of the absorber and shorter pulse 
durations, as predicted theoretically. It would be interesting to understand the trade-off 
between these two factors to optimize the output peak power.  
During the process of all my experiments, I also found the performances of the lasers 
is quite sensitive to temperature. So, improving the packaging to improve the heat 
dissipation could also potentially improve the characteristics of the MLLDs.  
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Appendix  
We checked how the autocorrelation trace, RF spectrum and optical spectrum 
changed when the reverse bias applied to the saturable absorber changed, with a fixed 
forward bias current applied to the gain section, for the 750-nm MLLD with 1515 µm 
cavity length, 15% AR, under 10 ºC. The forward current was fixed at 210 mA and 
220 mA respectively, as represented in Fig. 6.1 to Fig. 6.6. 
We also checked how those characteristics changed when the forward current 
changed with a fixed reverse bias on the same chip under 10 ºC. The reverse bias 
was fixed at 2.9 V and 3.1 V respectively, as represented in Fig. 6.7 to Fig. 6.12.  
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Fig. 6.1 Autocorrelation traces of the 1515 μm long MLLD emitting at 752 nm 
under 210 mA, 10 ºC and various reverse bias. 
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Fig. 6.2 RF spectra of the 1515 μm long MLLD emitting at 752 nm under 210 mA, 
10 ºC and various reverse bias. 
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Fig. 6.3 Optical spectra of the 1515 μm long MLLD emitting at 752 nm under 210 mA, 
10 ºC and various reverse bias. 
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Fig. 6.4 Autocorrelation traces of the 1515 μm long MLLD emitting at 752 nm under 
220 mA, 10 ºC and various reverse bias. 
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Fig. 6.5 RF spectra of the 1515 μm long MLLD emitting at 752 nm under 220 mA, 
10 ºC and various reverse bias. 
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Fig. 6.6 Optical spectra of the 1515 μm long MLLD emitting at 752 nm under 
220mA, 10 ºC and various reverse bias. 
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Fig. 6.7 Autocorrelation traces of the 1515 μm long MLLD emitting at 752 nm 
under -2.9 V, 10 ºC and various current values. 
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Fig. 6.8 RF spectra of the 1515 μm long MLLD emitting at 752 nm under -2.9 V, 
10 ºC and various current values. 
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Fig. 6.9 Optical spectra of the 1515 μm long MLLD emitting at 752 nm under -2.9 V, 10 
ºC and various current values. 
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Fig. 6.10 Autocorrelation traces of the 1515 μm long MLLD emitting at 752 nm under 
-3.1 V, 10 ºC and various current values. 
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Fig. 6.11 RF spectra of the 1515 μm long MLLD emitting at 752 nm under -3.1 V, 10 ºC 
and various current values. 
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Fig. 6.12 Optical spectra of the 1515 μm long MLLD emitting at 752 nm under -3.1 V, 
10 ºC and various current values. 
 
